Introduction
The mammalian neural tube generates a large diversity of neuronal phenotypes during development. The developing nervous system must initially expand the number of precursor cells that populate its different regions, then generate neurons while replenishing the progenitor pool. Here we explore the mechanisms by which the production of neurons and progenitor cells is regulated during the development of the cerebral cortex. The cortex is composed of layers of neurons that are responsible for our highest cognitive and perceptual abilities. Cortical neurons are produced from progenitor cells in the ventricular zone, a pseudostratified columnar epithelium lining the lumen of the cerebral vesicles. The normal behavior of cortical progenitor cells has been described by using PHJthymidine to track the cell movements during the cell cycle (Sidman et al., 1959; Fujita, 1964) . Replication of DNA during S phase is accomplished in the outer (basal) third of theventricular zone ( Figure 1A ). In G2, nuclei translocate apically toward the lumenal surface, where they proceed through mitosis. Postmitotic neurons then migrate away from the ventricular zone. Prior to the onset of neurogenesis, it is thought that symmetric divisions in which both daughter cells reenter the cell cycle after mitosis serve to expand the pool of progenitor cells (Berry and Rogers, 1965; Smart, 1973; Gray and Sanes, 1992; Caviness et al., 1995) . Neurogenesis begin8 slowly: neurons are born initially in small numbers that then build and peak late in neurogenesis (Miller, 1965; Caviness et al., 1995) . Indirect evidence suggests that neurons can arise from asymmetric divisions, since clonally related neurons can span many layers (Luskin et al., 1966; Price and Thurlow, 1988; Walsh and Cepko, 1988 ), yet the layers are generated at distinct times in development (reviewed by McConnell, 1988a; Rakic, 1988) . These observations have generated the proposal that an early precursor may produce both a neuron destined for an early-produced layer and another progenitor cell that then continues cycling to produce neurons destined for later-generated locations. This hypothesis raises the question of whether the behavior of dividing cells predicts whether neurons, progenitor cells, or both are generated from a given division. Several authors have speculated that the orientation of mitotic cleavage may regulate the production of neurons (Langman et al., 1986; Martin, 1967) . Horizontal cleavage planes would bisect a progenitor cell into an apical and basal daughter, the latter of which is untethered to the lumenal surface and conceivably free to migrate away and differentiate into a neuron ( Figure 1C ). The daughters of vertical cleavages, in contrast, would both be attached to the ventricular surface and would perhaps be more likely to continue to proliferate (Figure 1 B) . Despite the appeal of these hypotheses, previous studies of cleavage orientation in fixed sections through the cerebral ventricular zone have suggested that the vast majority (-90%) of all cleavages are oriented vertically even during peak periods of neuronal production (Smart, 1973; Zamenhof, 1986) leading many to doubt the significance of cleavage orientation in neurogenesis (Hinds and Ruffett, 1971; Smart, 1973) .
To examine the regulation of the numbers of neurons and progenitor cells during development, we have visualized the behavior of dividing precursors during and preceding the major period of neurogenesis in the developing cerebral cortex of the ferret, Mustela furo, a mammal in which neurogenesis occurs both pre-and postnatally (McConnell, 1988b) . By imaging of living cells, we find evidence for asymmetric divisions that result in the production of a neuron and another progenitor cell. In addition, we provide evidence that Not&l, a mammalian homolog of the Drosophila melanogaster Notch gene, is asymmetrically localized within dividing progenitor cells and inherited differentially following asymmetric divisions.
Results

Determination
of Cleavage Angles in Fixed Sections To examine the angles at which progenitor cells undergo cleavage in the developing cerebrum, sections from embryonic day 29 (E29) ferret brains (early in neurogenesis) were stained with a monoclonal antibody to a-tubulin that reveals microtubules, including those of the mitotic spindle. Metaphase spindles were seen at a variety of orientations: although most suggested cleavage plane8 roughly vertical or perpendicular to the ventricular surface ( 2A), some were horizontal or parallel to the lumenal surface (Figure 28, arrowhead) , and others were oblique (Figure 2B, arrow) . The orientations of projected cleavage planes were tabulated for 102 mitotic cells. In contrast with previous reports for mouse suggesting that at least 90% of cleavages are vertical (Smart, 1973) only 70% of cells in the present study were oriented vertically (60°-90°; Figure 2C ). The remaining cleavage planes were distributed evenly among all other possible orientations, with roughly 15% horizontal (O"-300).
These data suggest that horizontal cleavages are more common in the cortical ventricular zone than thought previously and raise the possibility that such cleavages might be intimately connected with neurogenesis. We worried, however, that these figures might misrepresent actual cleavage angles if metaphase plates rotated within cells prior to division. In addition, static methods cannot reveal the behavior of daughter cells generated from vertical cleavages versus that of cells generated from horizontal cleavages. We therefore developed a slice system to follow the behavior of dividing cells and their daughters in tissues that maintain salient features of their normal threedimensional environment (O'Rourke et al., 1992; Dailey et al., 1994) . Bromodeoxyuridine labeling revealed that interkinetic nuclear migration occurs normally in cortical
Time-Lapse Imaging of Dil-Labeled Progenitor Cells To visualize dividing cortical precursor cells and their daughters, we injected dilute solutions of the fluorescent lipophilic tracer 1 ,i '-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil) into the lateral ventricles of E29 ferrets, labeling single progenitors or small clusters of ventricular cells. Slices derived from these brains were imaged with time-lapse confocal microscopy. During the imaging period, 40 Dil-labeled cells (21 slices from 21 animals) divided and were followed for up to 25 hr after division. We measured the cleavage angle of each cell that divided and assigned the cell into one of three groups: vertical cleavage planes (SO"-900), horizontal cleavage planes (O"-300), and intermediate orientations (30°-600). Because Dil labels the cell plasma membrane, it was sometimes difficult to assess precisely the angle of cleavage; cells included here fit clearly into one category as assessed by three independent observers. The majority (35 of 40) of dividing cells displayed behaviors both during and following cleavage that could be classified into two distinct patterns, described below.
Symmegric Divisions
The predominant mode of division in E29 ferret slices was one in which progenitor cells divided with vertical cleavage planes. Figures 3A-3H show an example of one such cell imaged over a total period of 15.4 hr. initially, this cell cell appeared to withdraw its pial process and round up showed the typical bipolar appearance of a cortical proin preparation for cytokinesis. The cleavage that followed genitor, with thin processes extending both basally and was vertically oriented, generating two daughters sitting apically toward the pial and lumenal surfaces, respectively side by side ( Figure 3E ). Over the following 11 hr, the ( Figure   3A ). Over time, the cell nucleus slid apically within sibling cells maintained a close proximity to one another, the cytoplasm toward the ventricular surface (Figures 3A-their somata in apparent contact as their nuclei migrated 3C). As the nucleus reached the lumen ( Figure 3D ), the slowly outward ( Figures 3F-3f-f ). The cells reestablished a bipolar morphology during this period and appeared to retain contact with the ventricular surface. At E29,28 of 40 cells imaged had cleavage orientations of 60°-90° (Table 1) . We classify these divisions as symmetric, on the basis of their morphology and behavior following division. By Dil labeling, each daughter appears to maintain contact with the ventricular surface ( Figure 3E ), and inspection of fixed semi-thin sections reveals telophase cells in which both daughters have ventricular contacts (see Figure 6 ). In addition, published electron micrographs suggest that vertical divisions result in the segregation of apical components roughly equally to both daughters (Hinds and Ruffett, 1971) . Strikingly, in almost 90% of these cases, the two daughters generated from such divisions maintained close contact with one another as their nuclei moved outward within the ventricular zone. The average rate of movement of this paired outward migration was 5.6 umlhr (Table 1) . Only 3 of 28 vertical divisions generated daughters that separated after mitosis. In these cases, the rates of outward movement of each daughter were similar (Table 1) . Overall, the rates of outward or basal movement after mitosis were slow compared with the average rate of inward or apical movement. G2 cells descending to the ventricular surface prior to mitosis moved at an average rate of 18.3 ymlhr and sometimes moved at rates exceeding 40 um/hr. These data are consistent with previous suggestions that the rates of apical nuclear movements in G2 exceed the basal rates of Gl nuclear migration (Takahashi et al., 1993) .
Asymmetric
Divisions A second mode of cell division in E29 slices was observed in about 18% of divisions, in which progenitor cells divided with horizontal cleavage planes (Table 1 ). One such cell was rounded up at the ventricular surface in preparation for mitosis at the start of the imaging period ( Figure 31 ). Cleavage occurred at an angle of -0" ( Figure 3J ), generating an apically and a basally placed daughter. Although both daughters initially elongated in the radial-direction ( Figure 3K ), the basal (outer) sibling rapidly extended a pial process but had no apparent connection with the ventricular surface. At 4.6 hr after cleavage, the two daughters separated ( Figure 3L ), and the basal cell spent several hours within l-3 cell diameters of its sibling, which moved outward very slowly during this period. At 15.5 hr after division, however, the basal daughter suddenly began to migrate quite rapidly (37 umlhr) outward toward the pial surface, leaving its sibling behind ( Figures 3M-30 ). Although the morphological features of this cell are not clear at single time points, time-lapse viewing revealed a thick and dynamic leading process and elongated nucleus, similarto migrating neurons in the intermediate zone of cortical slices (O'Rourke et al., 1992) .
Using the same logic mapped out for vertical divisions, we classify horizontal divisions as asymmetric. First, daughters generated from such divisions exhibit striking morphological differences from one another. The apical daughter appears to retain contact with the ventricular surface, while the basal cell has no obvious lumenal contact after cleavage ( Figure 3J ; data not shown). Electron microscopy of a horizontally dividing cortical cell in telophase indicates that an apical cell can inherit the entire apical surface from its progenitor (Hinds and Ruffett, 1971) . Second, daughters generated from horizontal divisions behave in strikingly different ways from one another: six out of seven horizontal divisions produced sibling pairs that separated after cleavage. While apical daughters moved outward very slowly (1.0 umlhr on average), the average rate of movement of basal cells was about 10 times faster (10.2 umlhr), exceeding that of vertically derived daughters (Table 1 ) and approximating the rate at which young neurons migrate to the cortex (Hicks and D'Amato, 1968; McConnell, 1988b; C'flourkeet al., 1992) . This average rate masks the maximal velocities of movement in cells that bolted from their siblings (e.g., Figures  3M-30 ): in two cases, basal daughters moved at very high speeds (37 and 33 umlhr), a behavior that was never observed for cells derived from vertical divisions. In general, daughters generated from horizontal cleavages separated from one another soon after division (average, 2.6 hr; Table 1 ). In contrast, in the few cases in which the daughters derived from vertical cleavages separated, the cells did so only after a long period of time (average, 7.4 hr).
Intermediate
Orientations The remaining cells (50f 40) divided at intermediate angles (30°-60") .
Of these, one generated daughters that separated 0.9 hr after cleavage, as in a horizontal division. The basal daughter migrated rapidly toward the pial surface (21 .O umlhr), while the apical daughter moved relatively slowly (5.6 umlhr). This division thus appeared to fall into the asymmetric category. The remaining four divisions produced daughters that stayed together and moved slowly from the lumenal surface, as in a symmetric division. We do not know what cleavage angle is necessary to create asymmetric daughters, but electron micrographs of oblique divisions (Hinds and Ruffett, 1971) suggest that angles up to 45O can result in one daughter losing contact with the lumenal surface.
Determination of Cleavage Orientations over Time These data generate the proposal that early in cortical development, horizontal divisions produce young neurons, and vertical divisions replenish the progenitor pool. Were this hypothesis correct, one would expect a strong correlation between the fraction of horizontal divisions and the extent of neuronal production at different times during development. No horizontal cleavages should occur prior to the onset of neurogenesis. As neurogenesis proceeds, the fraction of cells that differentiate into neurons after mitosis increases steadily (Caviness et al., 1995) ; thus, increasing numbers of horizontal divisions should be observed. To visualize the entire population of ventricular cells and determine cleavage orientations with precision at a variety of ages, we labeled the chromosomes of cells in living slices with Syto-1 1, a vital nucleic acid-binding dye. Syto-1 1 revealed metaphase plates and the orientations of chromosome separation clearly (Figure 4) . The advantages of this method include universal labeling and accurate assessment of cleavage angles at a variety of ages; a disadvantage was that the behavior of daughter cells could not be tracked after division and chromosome decondensation, since progeny then blended into the labeled population.
Syto-11 staining revealed both vertical and horizontal cleavages (Figure 4 ). In one cell that divided vertically, the metaphase plate rotated within the cell soma prior to cleavage ( Figures 4A-4C ), a behavior that was observed occasionally in other cells. Following cleavage, both daughter cells appear to undergo chromosome decondensation at roughly the same time, their diffusely labeled nuclei becoming indistinguishable from surrounding cells (data not shown). In a horizontal cleavage (O"; Figures  4F-AI) , the two daughters appeared to separate rapidly from one another following cleavage, since the apical daughter is visible at the ventricular surface, whereas the basal daughter has disappeared ( Figure 4J ). This behavior is not unexpected given the results of imaging Dil-labeled cells.
We imaged the divisions of Syto-1 1 -labeled cells at three times during cortical neurogenesis: E29 (early neurogenesis; layer 6 neurons are being born), E36 (midneurogenesis; layer 4), and Pl-3 (late neurogenesis; layer 2/3). At each age, the angle of cleavage was determined for a population of about 50 or more cells and classified as horizontal, intermediate, or vertical (see Figure 6 ). At E29, most divisions (74%) were vertically oriented, about 16% were horizontal, and 10% were intermediate. Similar percentages were observed at E36, with roughly 73% vertical divisions. In contrast, at neonatal ages, fewer than half of all divisions (48%) were vertical, and the frequency of horizontal divisions roughly doubled, to 30%. These data are consistent with the prediction that horizontal divisions should occur during the period of neurogenesis and that their frequency should increase over time.
We attempted to image Syto-1 l-labeled cells in E20 slices, prior to the onset of neurogenesis, but were unsuccessful, owing to the small size of the telencephalon at this age. To acquire data on cleavage orientation from the early cortex, we prepared semi-thin (0.5 urn) plasticembedded sections from E20 embryos and measured the cleavage orientations of toluidine blue-stained cells in late anaphase or telophase of the cell cycle. Metaphase figures were excluded, since metaphase plates can rotate prior to division (Figure 4) . Two vertically dividing cells are shown in Figure 5 : one cell is in anaphase (Figure 5A) , and the other, in which a cleavage furrow is evident, is beginning telophase (Figure 58 ). As predicted, nearly all dividing cells (90%) were found with cleavage planes of roughly 90° (Figure 8 ). Only 3% of cells divided horizontally, and 7% had intermediate orientations. Thus, the occurrence of horizontal divisions strongly correlates with the generation of neurons.
Collectively, these data support the hypotheses that vertical divisions are symmetric and proliferative in nature, and that horizontal divisions are asymmetric and differentiative, resulting in the production of a postmitotic neuron. While it might be worrisome that cleavage orientations are compared by using two different methods in Figure 6 mitotic spindles (see Figures 2C-2E) . Thus, the mitotic behavior of cells in slices is indistinguishable from that of their counterparts fixed in vivo.
Asymmetric
Localization of Notch1 Protein in Dividing Progenitor Cells To explore the possibility that asymmetric divisions result from the differential inheritance of cytoplasmic or membrane-bound determinants (Rhyu et al., 1994) we examined the distribution of several proteins hypothesized to play a role in neural cell fate decisions. The gene encoding one such protein, Not&l, is expressed at high levels in the cerebral ventricular zone (Weinmaster et al., 1991 (Weinmaster et al., , 1992 . In Drosophila, the Notch gene encodes a large transmembrane protein involved in a variety of cell fate choices, including the decision to become a neuron versus an epidermal cell (Artavanis-Tsakonas et al., 1995). Notch7 has also been implicated in the control of neurogenesis in vertebrates (Coffman et al., 1993; Swiatek et al., 1994; Dorsky et al., 1995) .
We stained sections through the ferret ventricular zone with monoclonal antibodies specific to distinct epitopes of the intracellular domain of human Notch1 (antibodies TANl-POG and TANl-18G from P. Zagouras and S. Artavanis-Tsakonas; similar staining patterns were obtained with each antibody, suggesting that the antigen revealed is Notch1 or a closely related protein). Strong Notch1 im- Slightly out of the plane of focus is a mitotic cell with basal Notch1 staining (arrow). Paraffin sections were used in (A)-(E), and cryosections for (F)-(G). Scale bar in (C), 10 urn. for (A)-(C); scale bar in (G), 10 pm, for (D)-(G). munoreactivity is localized to ceils rounded up at the ventricular surface for mitosis. Staining was strikingly asymmetric in distribution: Notch1 immunoreactivity is localized to the basal portion of mitotic cells, with little or no staining apically (Figure 7 ). This distribution is seen in progenitor cells regardless of their projected angle of cleavage: Notch1 is concentrated in the basal half of cells initiating or progressing through mitosis at angles ranging from vertical ( Figures 7A and 7D ) to horizontal (Figures 7C and 7E) . Of 61 cells in metaphase or anaphase of the cell cycle, 74% showed a basal cap of Notch1 staining; no staining was visible in the remaining cells. This distribution suggests that cells dividing with horizontal cleavage planes should generate molecularly distinct daughters: an apical daughter that lacks Notch1 and a basal daughter that inherits the bulk of this protein. In support of this view, Figure  7F shows a progenitor cell in telophase of a horizontal cleavage, with Notch1 immunoreactivity associated exclusively with the basal daughter.
Although Notch1 staining is highly concentrated in metaphase and anaphase cells, it is less apparent at other stages of the cell cycle. Of 34 cells in prophase or prometaphase, only 26% displayed a basal cap of Notch1 staining. Interphase cells exhibit low levels of immunoreactivity visible on their thin bipolar processes within the ventricular zone (data not shown). Little or no staining is visible at apical surfaces. These observations suggest that at most stages of the cell cycle, Notch1 is distributed diffusely over the basolateral cell surface. As the pial process of the progenitor cell collapses during prometaphase (Hinds and Ruffett, 1971) formerly diffuse Notch1 protein may become highly concentrated in a crescent at the basal pole of the cell. It is also conceivable that the intense Notch1 staining of mitotic cells represents the synthesis of new Notch1 protein just before mitosis; Notch7 mRNAisdistributed, however, throughout the entire ventricular zone (Weinmaster et al., 1991) apparently in cells at all stages of the cell cycle. We do not know whether the formation of the basal crescent of Notch1 simply concentrates this protein in an exaggerated form of its normal basolateral pattern, whether some Notch1 protein is actively moved to the basal pole as the cell rounds up in preparation for mitosis, or whether the protein is capped owing to ligand binding. Finally, although the vast majority of cells that showed heavy Notch1 staining were mitotic cells located at the lumenal surface, we occasionally viewed cells expressing intense Notch1 immunoreactivity at a distance from the lumen (Figures 7C and 7G) . It is possible that these cells were the basal daughters of horizontal cleavages.
Discussion
By imaging individual f1uorescently labeled progenitor cells in living brain slices, we have observed two distinct cell behaviors following division. Vertically oriented cleavages are both morphologically and behaviorally symmetric: both daughters derived from such divisions retain contact with the ventricular surface, and their subsequent movement away from the lumen is slow and paired. We propose that early in cortical development, these symmetric divisions are proliferative and serve to maintain or expand the precursor pool. Horizontal divisions, in contrast, produce daughters that separate from one another; basal or outer daughters move away at rapid rates approximating the rates of migration of young postmitotic neurons. We propose that these asymmetric divisions are differentiative, possibly representing a stem cell mode in which one daughter becomes a neuron and the other reenters the cell cycle. Finally, we find that Notch1 immunoreactivity is concentrated basally in dividing progenitor cells and that this protein is inherited asymmetrically in horizontal divisions. These results raise the intriguing possibility that the differential inheritance of Notch1 plays a role in generating the distinct identities of apical and basal daughters following horizontal divisions.
How conclusive is the evidence for asymmetric divisions in the forebrain? Four lines of evidence provide strong support. First, daughter cell behaviors can be classified as neuron-like or progenitor-like, on the basis of independent studies of nuclear migration rates. The somata of cells generated from vertical divisions stay together and move outward slowly, at rates a third as fast as those observed in G2. These slow outward movements are typical of G1 cells preparing to reenter the cell cycle (Takahashi et aI., 1993). Although we have not obtained direct evidence that these cells reenter the cell cycle, we observed somata of symmetrically derived daughters moving to the outer third of the ventricular zone, then resting there for many hours, typical of cells reentering S phase. For horizontal divisions, basal daughters exhibit a markedly distinct pattern of movement relative to their apical siblings: following cleavage, basal daughters typically separate from their siblings and migrate outward at an average rate of 10.2 lim/hr, comparable to the rate of neuronal migration in the cortex (10-30 lim/hr; Hicks and D'Amato, 1968; McConnell, 1988b; O'Rourke et aI., 1992) and exceeding that of G1 nuclear movement by 2-to 5-fold. Although we have no direct evidence that basal daughters become neurons, [3H)thymidine birthdating studies in ferret show that the vast majority of cells that become postmitotic at these ages differentiate into neurons (McConnell, 1988a) . The majority of glia are born later, following the close of neurogenesis (Levine and Goldman, 1988; Misson et aI., 1988; Voigt, 1989) .
The second line of evidence supporting the proposals that symmetric cleavages are proliferative and asymmetric cleavages are differentiative is derived from examination of the morphologies of daughter cells after mitosis. Cells derived from vertical divisions maintained a progenitor cell morphology, showing an elongated bipolar shape with apical and basal processes. In contrast, basal daughters from horizontal divisions lost contact with the ventricular surface and displaye.d features characteristic of migrating neurons, with thick leading processes and elongated cell bodies (Figure 3) . Apical daughters of horizontal divisions resembled progenitor cells, extending a process toward the pial surface as if reestablishing a bipolar morphology (data not shown).
The third line of evidence suggesting that asymmetric divisions underlie neurogenesis is that the frequency of horizontal cleavages increases over time, with such divisions observed only rarely prior to the onset of neurogenesis. Studies in many species have suggested that rates of neuronal production are very low at the onset of neurogenesis and subsequently increase (Miller, 1985; Caviness et aI., 1995) . The increasing fraction of horizontal divisions thus correlates with increases in neuronal production during the early neurogenic period. Late in neurogenesis, however, there is an apparent discrepancy between the fraction of cells that exit the cell cycle (Caviness et aI., 1995) and our simple proposal that symmetric divisions are proliferative and asymmetric divisions differentiative. At late stages of rodent neurogenesis, the majority of cells exit the cell cycle after mitosis, suggesting that the progenitor pool is progressively depleted (Caviness et aI., 1995) . Symmetric proliferative divisions, however, would exponentially expand the progenitor pool, and asymmetric divisions would maintain progenitor cell number. Therefore, we suggest that late in neurogenesis, vertical divisions may switch from proliferative to differentiative, with both daughters exiting the cell cycle to become neurons. We do not yet know whether late-occurring vertical divisions are proliferative or differentiative in nature.
Finally, we have provided molecular evidence for asymmetric divisions, since Notch1 immunoreactivity is concentrated at the basal pole of rounded progenitor cells. This basal distribution results in the asymmetric inheritance of Notch protein to the basal (neuronal) daughter of horizontal divisions. Vertical cleavages, in contrast, appear to distribute Notch1 equally to both daughters. We discuss the implications of these patterns of inheritance below.
Molecular Mechanisms of Asymmetry
Why do daughter cells behave similarly after vertical divisions but differently following horizontal divisions? Recent studies in Drosophila have provided two examples of asymmetrically inherited determinants that intrinsically alter cell fate. The numb gene encodes a membrane protein that is asymmetrically distributed to the two daughters of the external sensory organ precursor in the developing peripheral nervous system; numb is required to establish the difference between support cells and neurons (Rhyu et aI., 1994) . The homeodomain protein prospero is asymmetrically localized to the basal cortex of mitotic neuroblasts, then localizes to the nucleus of only one cell after cleavage, the ganglion mother cell (Spana and Doe, 1995) . We were therefore interested in whether progenitor cells in the mammalian central nervous system selectively localize molecular determinants of asymmetry.
Mammalian ventricular cells are markedly polarized, with asingle cilium, an associated centrosome, and zonula adherens junctions at the apical surface (Stensaas and Stensaas, 1966; Hinds and Ruffett, 1971) . Several proteins that play important roles in signaling among epithelial cells in Drosophila are localized apically, including Notch, sevenless, boss, and armadillo, among others (reviewed by Woods and Bryant, 1993) . We decided to explore the localization of Notch, a protein implicated in the control of neurogenesis in both flies and vertebrates (ArtavanisTsakonas et al., 1995) , in mammalian ventricular cells. To our surprise, Notch1 immunoreactivity is indeed localized asymmetrically in dividing progenitors, but is found basally (or basolaterally) rather than apically. Because Notch1 is concentrated in a basal cap regardless of cleavage orientation, only those cells dividing horizontally will differentially distribute Notch1 to the two daughters ( Figure 7F ). The asymmetric inheritance of Notch1 may provide or contribute to the molecular mechanisms for the production of two distinct cell types from a single division.
In contrast with numb and prospero, which regulate cell fates intrinsically, Notch plays a role in the regulation of local cell signaling (Attavanis-Tsakonas et al., 1995) . In Drosophila, Notch mutants form too many neuroblasts, apparently owing to the failure of emerging neuroblasts to inhibit their neighbors from adopting a neural fate (Doe and Goodman, 1965; Artavanis-Tsakonas et al., 1995) . Expression of an activated form of Notch blocks neurogenesis in the ventral neurogenic region without affecting epidermal development (Struhl et al., 1993) . It is thus surprising that we find Notch1 staining segregated to the basal (neuronal) daughter of a horizontal cleavage, since Notch activity is associated with the suppression of neuronal differentiation in vertebrate systems as well (Coffman et al., 1993; Nye et al., 1994; Dorsky et al., 1995) . Such results have generated the hypothesis that Notch signaling directs cells into a nonneuronal fate, an idea at apparent odds with our results.
It has been argued, however, that Notch plays a more general role in modulating the ability of a cell to respond to avariety of inductive signals (Artavanis-Tsakonas et al., 1995) . Introduction of activated Notch in the compound eye of Drosophila, for example, blocks the normal induction of photoreceptor cells, causing cells either to adopt incorrect cell fates or to differentiate incompletely (Fortini et al., 1993) . Artavanis-Tsakonas and colleagues (1995) have hypothesized that Notch activation freezes a cell in its current developmental state, deafening it to the reception of other developmental signals; thus, Notch activation may play a restrictive rather than instructive role in cell fate decisions. In addition, Notch immunoreactivity is found in a subset of terminally differentiated cells in the vertebrate retina, suggesting that in some cases Notch activity may serve to maintain the differentiated state (ArtavanisTsakonas et al., 1995) .
In the mammalian neural epithelium, the asymmetric inheritance of Notch1 may regulate differentially the responsiveness of two daughter cells to extrinsic cues. It is also conceivable that Notch1 activity prevents differentiation both in young neurons and in progenitor cells: newly generated neurons may require large amounts of Notch1 to delay differentiation long enough to escape the ventricular zone. It is interesting in this context that vertically dividing cells distribute Notch1 roughly equally to both daughters, suggesting that each retains Notch1 protein as it reenters the cell cycle. In horizontal divisions, the basal daughter appears to inherit the Notchl, leaving little if any for its apical sibling. Apical daughters of horizontal divisions move outward at extremely slow rates after division (Table l) , conceivably delaying their outward movement to express more Notch1 protein before reentering the cell cycle. Finally, it is possible that Notch1 plays an instructive role in ventricular cells, and that the differential inheritance of Notch1 biases cells toward distinct developmental outcomes. Transplantation studies suggest that cortical neurons make decisions about their laminar fate during or shortly after the S phase of their final cell cycle (McConnell and Kaznowski, 1991) . If Notch1 activation simply restricts the competence of cells to respond to other cues, activating Notch in ventricular cells could generate distinct phenotypic outcomes depending on the position of the cell in the cell cycle at the time of activation. This hypothesis could be tested by the introduction of activated forms of Notch1 into ventricular cells at different stages of the cell cycle.
Regulation of the Prevalence of Asymmetric versus Symmetric Divisions over Time
The change in fraction of asymmetric cleavages observed before and during the period of neurogenesis suggests that nature has devised a mechanism by which to regulate cleavage orientations over time, but how cleavage angles might be regulated in a mammalian system presents a mystery. The regulation of cleavage orientation may have profound consequences for normal cortical development. If cleavage angles are not properly regulated, too many or too few neurons may be produced at a given time or in a given region. Cell death might compensate for the overproduction of neurons, but underproduction could lead to disaster. Since cell fate decisions are made prior to mitosis (McConnell and Kaznowski, 1991) it is conceivable that cleavage orientation is somehow controlled by this earlier decision.
Experimental Procedures lmmunohistochemistry
Microtubules were visualized by fixing E29 ferret brains by immersion in -20°C 90% methanol or perfusion with microtubule-stabilizing buffer (Schulze and Kirschner, 1966) at room temperature followed by 0.5% glutaraldehyde.
Paraffin sections of 10 pm were blocked with 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) (1 hr at room temperature) and incubated with mouse monoclonal antibody DMla (Sigma; 1:500, 1 hr at room temperature), then with Texas red-conjugated donkey anti-mouse secondary (Jackson Laboratories; 1:200, 1 hr at room temperature).
For Notch1 staining, E29 and E36ferrets
were perfused with 4% paraformaldehyde; 5 pm paraffin sections or 15 pm cryosections were blocked with 5% goat serum, 0.5% BSA, 0.1% Triton X-100 in PBS (30 min at room temperature), then incubated with TANl-POB or TANl-16Ei monoclonal antibodies (gifts of P. Zagouras and S. Artavanis-Tsakonas; 1:5 in blocking solution without BSA or undiluted; 2 hr at room temperature).
Each antibody was generated to the intracellular domain of human Notchl, and both cross-react with rat and mouse Notch1 (Artavanis-Tsakonas et al., 1995) . Sections were incubated with biotinylated goat anti-rat secondary (Vector; 1200 in PBS with 1 mglml BSA, 1 hr at room temperature), then ABC reagent (Vector), and counterstained with toluidine blue (1% in 1% borate buffer). For fluorescence, sections were incubated with biotinylated goat anti-rat secondary (Jackson; 1:200 in PBS, 1 mglml BSA, 1 hr at room temperature), then streptavidin-coupled Cy-5 (Jackson; 1 :I 00 in PBS, 1 mg/ml BSA, 1 hr at room temperature) and counterstained with propidium iodide (Sigma; 5 ug/ml in PBS, 15 min at room temperature).
Confocal images were merged with Adobe Photoshop.
For quantitation of Notchl-immunoreactive cells, TANI-20G-labeled cells were located in the E29 ventricular zone; all mitotic cells (n = 117) in those regions were identified with propidium iodide. Controls with no primary antibody showed no staining.
Time-Lapae
Imaging E29 progenitor cells were labeled by injection of 3 PI of Dil (0.5% Dil [DilC16(3),
Molecular Probes] in dimethylformamide, diluted 1:lOO in high glucose Hanks' balanced salt solution [HBSS] ) into the lateral ventricles by using a 30 gauge needle and Hamilton syringe. Coronal slices (400 urn) were prepared and placed on coverslips as described (Roberts et al., 1993) with the following changes: 1.5 ml of Gahwiler's medium or 1 x minimal essential medium (GIBCO) with 1 mM a-ketoglutarate, 100 U/ml penicillin (GIBCO), 100 mglml streptomycin (GIBCO) was used as media; slices placed onto coverslips were immediately covered with 25 pl of Vitrogen gel. After at least 2 hr in an incubator (5% Con, 37OC), slices were placed in a plastic chamber, covered with medium (33°-350C), and imaged on a Bit-Rad MRC-600 confocal microscope.
Images were obtained at least 50 urn below the slice surface and collected every 2 min as described by G'Rourke et al. (1992) . Sequences were obtained from 21 slices from 21 brains. For Syto-I 1, cortical slices were prepared from E29, E36, and postnatal ferrets, incubated in 5 mM Syto-11 (Molecular Probes) in HBSS for 5 min on ice, rinsed in cold HBSS, and imaged by time-lapse microscopy as described above. The number of divisions imaged was 211, in 34 slices from 34 animals.
Toluidine
Blue Staining of Fixed Plastic-Embedded Sections Three E20 brains were fixed by immersion in 1% glutaraldehyde, 4% paraformaldehyde in 0.1 M Cacodylate buffer (pH 7.3) overnight and embedded in epon-araldite.
Semi-thin sections (0.5 t.rm) were stained with toluidine blue.
